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While space-charge-limited current measurements are often used to characterize charge-transport in 
relatively intrinsic, low-mobility semiconductors, it is currently difficult to characterize lightly or heavily 
doped semiconductors with this method. By combining the theories describing ohmic and space-charge-
limited conduction, we derive a general analytical approach to extract the charge-carrier density, the 
conduction-band edge and the drift components of the current density-voltage curves of a single-carrier 
device when the semiconductor is either undoped, lightly doped or heavily doped. The presented model 
covers the entire voltage range, i.e., both the low-voltage regime and the Mott-Gurney regime. We 
demonstrate that there is an upper limit to how doped a device must be before the current density-voltage 
curves are significantly affected, and we show that the background charge-carrier density must be 
considered to accurately model the drift component in the low-voltage regime, regardless of whether the 
device is doped or not. We expect that the final analytical expressions presented herein to be directly useful 
to experimentalists studying charge transport in novel materials and devices. 
*jasonrohr@nyu.edu 
I. INTRODUCTION 
Space-charge-limited current (SCLC) measurements rely on the interpretation of data obtained from single-
carrier devices where only one charge-carrier type (e.g. electrons) dominates the current flow (Fig. 1a), and 
are amongst the most commonly used methods for determining charge-carrier mobilities, 𝜇, of relatively 
intrinsic semiconductors.1–7 SCLC measurements are highly popular due to the fact that: i) The single-
carrier devices used for SCLC measurements are relatively easy to fabricate and operate under similar 
conditions to that of optoelectronic devices; ii) fabricating single-carrier devices does not require a large 
amount of material, which is beneficial when newly-developed semiconductors are being probed where 
material is scarce; iii) SCLC measurements are relatively easy to perform and do not require access to 
powerful magnets or lasers; iv) charge transport of electrons and holes can be probed separately by an 
appropriate choice of contacts, and; v) SCLC measurements can yield information about energetic disorder, 
doping and traps if proper models are used to interpret the results. SCLC measurements have therefore 
become a standard method to characterize a wide variety of novel semiconductors, such as metal 
chalcogenides,8 amorphous silicon,9 organic semiconductors,10–12 fullerenes,13,14 and metal-halide 
perovskites.15,16  
 To obtain charge-transport information from SCLC measurements, one must fit a model to the 
experimental current density-voltage (J-V) curves. Several analytical models have previously been 
proposed that describe intrinsic semiconductors with relatively high accuracy;1,17–19 however, 
semiconductors typically contain defects that can give rise to doping and traps. These defects can 
significantly affect the measured J-V curves, and it is therefore important to utilize a model that can account 
for said defects to obtain reliable charge-transport characteristics.20–22 Although a number of numerical 
models have been developed that can account for defects of various kind, 22–29 analytical models are easier 
to employ and are therefore more often used by experimentalists. It is therefore important to develop 
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accurate analytical models that can aid in describing the situations where the semiconductor is not 
intrinsic.24,25 A number of analytical models have been developed to account for non-ideal semiconductors, 
such as when the semiconductor contains traps described by exponential tails,20,24 when Poole-Frenkel 
effects dominate,21,30 or when charge transport is limited by Gaussian disorder;31 however, an accurate 
analytical model that describes the situation where the semiconductor is doped, does not exist. 
Figure 1 – Schematic of the energy levels of a symmetric electron-only single-carrier device when operated under 
different applied voltages: a) 0 V where no current is flowing, b) low voltage, in which a linear J-V relationship is 
commonly observed (typically for V < 0.9 V), c) when enough voltage is applied so that the current has transitioned 
into the Mott-Gurney regime and a relationship close to 𝐽 ∝ 𝑉! is observed (for V > 0.9 V). 𝐸" and 𝐸# are the 
conduction- and valence-band edges, 𝐸$ is the Fermi level at V = 0 V and 𝐸$,& is the electron quasi-Fermi level at V 
> 0 V. 
As a voltage is applied across a single-carrier device, the charge-transport characteristics typically 
transition between regimes at low and high voltage. For a trap- and doping-free semiconductor, the current 
in the low-voltage regime is typically not dominated by thermally-generated intrinsic charge carriers, 𝑛!, 
but rather due to the background charge carriers, 𝑛", injected into the single-carrier device from the contacts 
during Fermi-level equilibration.32 This means that 𝑛" far exceeds 𝑛!, and it has been shown that the current 
obtained from an electron-only device due to these charge carriers can be accurately described by,17,18 𝐽 = 4𝜋# $!%& 𝜇'𝜀(𝜀) *+"  (1) 
where 𝑘,𝑇 is the thermal energy, 𝑞 is the elementary charge, 𝜇' is the electron mobility, 𝜀(𝜀) is the 
permittivity, 𝑉 is the applied voltage and 𝐿 is the thickness of the semiconductor. The energy levels for an 
electron-only device operated under the low-voltage conditions resulting in the J-V behavior described by 
eq. 1 are shown in Fig. 1b. In the case where a hole-only device is being measured, 𝜇' is replaced by the 
hole mobility, 𝜇-. 
When enough voltage is applied to ensure that the current flow is fully dominated by drift (Fig. 
1c), the J-V curves can be modelled by the classical Mott-Gurney square law,1 𝐽 = ./ 𝜇'𝜀(𝜀) *#+" .  (2) 
Despite its inability to describe doped semiconductors or semiconductors with trap states, the Mott-Gurney 
law is the most commonly used analytical model for characterizing SCLC data. Given that the 
semiconductor is free from traps and doping, and the contacts for injection and extraction are perfectly 
ohmic, and given that 𝜀( and 𝐿 are known (and that 𝐿 is not too small), eq. 1 and 2 can be fitted to an SCLC 
J-V curve to extract 𝜇' as the only unknown quantity.32,33 These two equations (eq. 1 and 2) combined 
therefore give an excellent description of the J-V curves obtained from SCLC measurements when the 
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measured semiconductor is perfectly intrinsic and the single-carrier device does not suffer from injection 
issues at the contacts (see Fig. 2a). 
 
 
Figure 2 – a) Comparison of a numerically calculated, undoped single-carrier device with ohmic contacts (circles) 
with fits with eq. 1 and the Mott-Gurney law, eq. 2 (dashed lines) along with the sum of eq. 1 and eq. 2 (solid line). 
The low- and high-voltage regimes are denoted. b) Total current density (drift + diffusion) and the individual 
contributions to the total current due to drift and diffusion. 
While one must assume that the semiconductor does not contain defects in deriving eq. 1 and 2, it 
has been identified that SCLC measurements themselves could potentially be used to characterize lightly 
doped semiconductors if proper models are employed.34 To this end, SCLC measurements have so far been 
used to characterize lightly doped organic semiconductors by assuming that the mobility can be obtained 
from the Mott-Gurney law in the high-voltage regime, and then employing Ohm’s law to estimate the 
conductivity in the low-voltage regime,35 𝐽 = 𝑞𝜇'𝑛0 *+ (3) 
where 𝑛0 is the free electron density due to added donors. With the knowledge of 𝜇' from the Mott-Gurney 
law, 𝑛0 can now, in principle, be determined as the only unknown quantity in eq. 3. It should therefore be 
possible to yield information about both 𝜇' and 𝑛0 of a lightly doped device; however, as the semiconductor 
becomes increasingly doped, the current across the entire voltage range becomes increasingly ohmic, and 
0.01 0.1 1 10
103
104
105
106
107
108
C
ur
re
nt
 d
en
si
ty
 (m
A 
cm
-2
)
Voltage (V)
 Numerical
 Analytical, eq. 1 + 2
Mott-Gurney law
(eq. 2)
eq. 1
L = 100 nm
high-V regimelow-V regime
0.01 0.1 1 10
103
104
105
106
107
108
C
ur
re
nt
 d
en
si
ty
 (m
A 
cm
-2
)
Voltage (V)
 Drift + diffusion
 Drift
 Diffusion
L = 100 nm
a)
b)
 4 
therefore less space-charge limited, and it will no longer be possible to fit the Mott-Gurney law in the drift 
regime to extract 𝜇'. One is therefore left with the 𝜇'𝑛0 product, and neither 𝜇' nor 𝑛0, separately.32 Since 
SCLC measurements are so commonly used, and since scientist are employing such measurements to 
quantify doping, it is important to develop simple methods that can reliably extract 𝜇' and 𝑛0 from the J-
V curves of both lightly doped and heavily doped semiconductors in single-carrier devices.  
 Using numerical calculations, we show that while the sum of the Mott-Gurney law (eq. 2) and 
Ohm’s law (eq. 3) is sufficient for describing the J-V curves of a single-carrier device where the 
semiconductor is heavily doped (in which case eq. 3 will dominate), it is not sufficient for describing a 
lightly doped semiconductor. We show that a series of analytical expressions can be derived that can 
describe the charge-carrier density, conduction-band edge and drift-current density of single-carrier devices 
regardless of whether the semiconductor is undoped, lightly doped or heavily doped. We present a simple 
condition for how doped the semiconductor must be before the J-V curves are significantly affected, and 
we show that to accurately model the J-V curves obtained from a lightly doped semiconductor, 𝑛" and 𝑛0 
must both be taken into account whereas 𝑛" can be ignored in the high-doping limit. The analytical 
expressions presented herein can be fitted to SCLC data to yield 𝜇' and 𝑛0, simultaneously. 
II. NUMERICAL METHODS 
To test the validity of our derived analytical expressions, developed in the next section, we compare them 
to numerical calculations of single-carrier devices.36–38 This allows us to understand the validity of these 
expressions over a wide range of doping densities, while ensuring that certain semiconductor 
characteristics, that are commonly present in real semiconductors and single-carrier devices, such as traps 
and injection-barrier heights, could be omitted, while certain characteristics could be held constant, such as 
the mobility and thickness. This approach allowed for an elegant comparison between the derived analytical 
expressions with a type of numerical model that has been used to successfully analyze experimental data 
from both single-carrier devices and solar cells on several occasions.26,39,40 
To this end, our numerical model (gpvdm)26,41 solves the drift-diffusion equations for electrons and 
holes,  𝐽'(𝑥) = 𝑞𝑛(𝑥)𝜇'𝐹(𝑥) + 𝑞𝐷' 12(4)14  (4) 𝐽-(𝑥) = 𝑞𝑝(𝑥)𝜇-𝐹(𝑥) − 𝑞𝐷- 16(4)14  (5) 
to describe the movement of charge carriers, and Poisson’s equation to describe the electrostatic potential,  𝜀)∇𝜀(∇𝜑(𝑥) = −𝜌(𝑥). (6) 
where 𝐷'/- are the Einstein-Smoluchowski diffusion coefficients, 𝑛 and 𝑝 are the total free electron and 
hole densities, 𝐹 is the electric field, 𝜑 is the electric potential, and 𝜌 is the total charge density (accounting 
for all charge, both free and stationary). Ohmic contacts were assumed. 
 The single-carrier devices were calculated using device parameters and materials constants chosen 
to represent a trap-free semiconductor/insulator: 𝐸8 = 3	eV, 𝑁9 = 𝑁: = 10#)	cm;<, 𝜇' = 𝜇- =1	cm#	V;=s;=, 𝜀( = 10 and 𝑇 = 300	K (room temperature). For the sake of simplicity, we will only 
consider electron-only devices. All calculations are analogous for the cases where hole-only devices are 
considered. The semiconductor was doped with electrons by adding a uniform distribution of positive space 
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charge to the semiconductor, ND, giving rise to an additional electron doping density, nD. Only L and nD was 
varied during the numerical J-V calculations. 
III. RESULTS & DISCUSSION 
In this section we arrive at an expression describing J-V curves, across both the low- and high-voltage 
regimes, of undoped, lightly doped or heavily doped single-carrier devices. To arrive at this expression, we 
initially derive an expression that describes the J-V characteristics of an undoped device and then extend 
that expression to cover doped devices. In part A we determine that both the low- and high-voltage regimes 
are dominated by drift. In part B we derive an expression for the charge-carrier density of an undoped 
device as a function of position and voltage, and we then use this to derive an expression for the J-V 
characteristics across both voltage regime (part C). In part D we derive an expression for the charge-carrier 
density as a function of position and voltage for a doped device, and we then arrive at J-V expression for a 
doped device (part E). Finally, in part F, we derive an expression for the condition for when doping 
dominates the J-V curves rather than the background charge-carrier density due to injection from the 
electrodes during Fermi-level equilibration. 
A. Drift and diffusion currents from an undoped device 
An electron-only single-carrier device is achieved by matching both contact work functions with the 
conduction-band edge of the semiconductor, 𝐸9, to achieve ohmic contacts, as shown in Fig. 1a. In the case 
that both contact work functions align with 𝐸9, the device is called symmetric and the J-V curves are 
expected to be similar regardless of whether a positive or negative bias is applied.37 A numerically 
calculated, representative J-V curve of an undoped, 100 nm semiconductor single-carrier device, is shown 
in Fig. 2a. A transition from a linear J-V behavior at low voltage to a 𝐽 ∝ 𝑉# behaviour at higher voltage is 
observed, which is expected from a symmetric single-carrier device. These transport regimes correspond to 
the scenarios shown in Fig. 1b,c and can be described by eq. 1 and eq. 2 (the Mott-Gurney law), respectively 
(see Fig. 2a). 
 The contributions from drift and diffusion to the full J-V curve shown in Fig. 2a is shown in Fig. 
2b, both as dashed lines, with the sum shown with the solid line (the implementation of the calculations of 
the drift and diffusion components are explained in the Appendix). It is well-known that the Mott-Gurney 
regime is drift dominated; however, it is here shown that the low-voltage regime is also primarily dominated 
by drift, with the diffusion current being approximately one order of magnitude less than the contribution 
from the drift current. This can seem like a surprising result due to the inclusion of the diffusion coefficient 
in eq. 1 (𝐷 = 𝜇𝑘,𝑇/𝑞), but can be understood by the current being a drift current due to the background 
charge carriers being injected via diffusion during Fermi-level equilibration. Since the current is dominated 
by drift across all voltages, we can obtain a description for the current density as long as a description for 
the mean charge-carrier density, 〈𝑛〉, valid for all voltages, can be obtained. 
 
B. Charge-carrier density and conduction-band edge for an undoped device 
The total equilibrium electron density in an undoped electron-only device at 𝑉 = 0 V can be described by 
the sum of the intrinsic electron density, 𝑛!, and the background electron density due to injection from the 
contacts during Fermi-level equilibration, 𝑛": 𝑛 = 𝑛! + 𝑛". As discussed below, while 𝑛! can be ignored 
for cases when a semiconductor with a relatively large band gap is being measured, 𝑛" is very large for 
relatively thin devices. This is especially important at the interfaces between the semiconductor and the 
contacts, regardless of the magnitude of the band gap.32 For the numerical calculation of a relatively thin 
(100 nm) single-carrier device, 𝑛"(𝑥) is very large with the majority of the charge carriers residing near the 
semiconductor-contact interfaces (see Fig. 3a)32. For devices with larger thicknesses, 𝐿 = 1 µm and 𝐿 = 10 
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µm, the overall magnitude of 𝑛"(𝑥) decreases with most of the charge carriers still residing near the 
interfaces (see Fig. 3b,c). 
Simmons has shown that 𝑛"(𝑥) can be written analytically as a function of position within the 
device as,42,43 
𝑛"(𝑥) = #>#?$?%$!%&#+# Kcos# M>4+ − >#NO;=. (7) 
As shown in Fig. 3a-c, the shape and magnitude of 𝑛"(𝑥) can be accurately described with eq. 7 regardless 
of the thickness of the semiconducting layer. The observed overall decrease in 𝑛"(𝑥) with increased 𝐿 can 
also be understood from eq. 7 as 𝑛" ∝ 𝐿;#. For semiconductors with relatively large band gaps, 𝐸8 > 2 eV, 
the thickness of the semiconductor would have to be much larger than 10 µm before the intrinsic charge-
carrier density will dominate. 𝑛! can therefore be ignored for most practical purposes and eq. 7 is therefore 
adequate for describing the charge-carrier density of an undoped semiconductor at 0 V. In cases where 𝑛! 
cannot be ignored, the electron density at V = 0 V will simply be equal to 𝑛" + 𝑛!. 
 As a voltage is applied across the electron-only device (𝑉 > 0 V), electrons are injected from the 
injecting contact into the semiconductor, increasing the electron density across the semiconductor,	𝑛 > 𝑛". 
In the low-voltage regime, the charge-carrier density does not deviate from the equilibrium charge-carrier 
density at 0 V by an appreciable amount even when a small voltage is applied.24 In fact, as can be seen in 
Fig. 3a-c, a significant voltage must be applied before a significant increase in the charge-carrier density is 
observed, with the distribution becoming asymmetric with a larger density near the vicinity of the injection 
metal-semiconductor interface at 𝑥 = 0. To derive an analytical expression for this increase in the charge-
carrier density as a voltage is applied, we combine the charge-carrier density in the Mott-Gurney regime, 𝑛@A with the background charge-carrier density to describe the charge-carrier density for V > 0 V, 𝑛 =𝑛" + 𝑛@A. The voltage-dependent charge-carrier density in the Mott-Gurney regime is given by, 𝑛@A(𝑥, 𝑉) = <B ?$?%& *+"/# 𝑥;=/#. (8) 
and we can write the total charge-carrier density as a function of voltage as, 
𝑛(𝑥, 𝑉) = #>#?$?%$!%&#+# Kcos# M>4+ − >#NO;= + <B ?$?%& *+"/# 𝑥;=/#.  (9) 
As seen in Fig. 3a-c, equation 9 is a good description of charge-carrier density at various thicknesses (100 
nm, 1 um and 10 µm) and over a range of applied voltages (0, 1, 10 and 100 V), especially near the injection 
contact and in the middle of the device. 
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Figure 3 – a-c) Numerical calculations (circles) for the electron density at 0, 1, 10 and 100 V, for a 100 nm, 1 µm and 
10 µm, respectively. Analytical calculations with eq. 9 are shown as solid lines. d-f) Equivalent calculations for 𝜓 = 𝐸9 − 𝐸C,' and calculations with eq. 10. 
Additionally, an analytical description can be written for the difference between the conduction-
band edge, 𝐸9 and the quasi-Fermi level, 𝐸C,', 𝜓 = 𝐸9 − 𝐸C,', via 𝑛 = 𝑁9 expU− V𝐸9 − 𝐸C,'W 𝑘,𝑇⁄ Y as, 
 𝜓(𝑥, 𝑉) = −𝑘,𝑇ln \#>#?$?%$!%&#+#E' Kcos# M>4+ − >#NO;= + <B ?$?%&E' *+"/# 𝑥;=/#]. (10) 
 
Just as eq. 9 is a good description for the charge-carrier density as a function of voltage (see Fig. 3a-c), 
equation 10 is a good description for the conduction-band edge, as seen in Fig. 3d-f. 
 
C. Total J-V description of an undoped single-carrier device 
To arrive at an expression for the drift current density, 𝐽 = 𝑞𝜇'〈𝑛〉 𝑉 𝐿⁄ , the mean of the charge-carrier 
density, 〈𝑛〉, must be calculated. The arithmetic mean of 𝑛"(𝑥), 〈𝑛"〉 = 𝐿;= ∫ 𝑛"(𝑥)	𝑑𝑥+) , cannot be 
calculated as the integral does not converge; however, 𝑛"(𝑥);= can be integrated, and the harmonic mean 
can thus be calculated. To obtain an expression for the total drift current we therefore take the sum of the 
harmonic means, 〈𝑛〉 = 〈𝑛"〉 + 〈𝑛@A〉, 〈𝑛〉 = =() ∫ 2*+(	14)% + =()∫ 2,-+( 	14)%  (11) 
yielding, 〈𝑛〉 = B>#?$?%$!%&#+# + .?$?%*/&+# . (12) 
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Inserting eq. 12 into 𝐽 = 𝑞𝜇'〈𝑛〉 𝑉 𝐿⁄ , we obtain the total drift current density as the sum of eq. 1 and eq. 2 
(the Mott-Gurney law), 𝐽 = 4𝜋# $!%& 𝜇'𝜀(𝜀) *+" + ./ 𝜇'𝜀(𝜀) *#+" .  (13) 
Since eq. 9 is a good description for the charge-carrier density as a function of voltage (see Fig. 3a-c), eq. 
13 is likewise a good description for the total current density in the same voltage range (see Fig. 2a). 
Equation 13 can therefore be used to fit the entire J-V curve to extract the charge-carrier mobility when the 
semiconductor is undoped and ohmic contacts are achieved between the semiconductor and the contacts. 
 
D. Charge-carrier density and conduction-band edge for a doped device 
 
Figure 4 – Analytically and numerically calculated electron densities of undoped and doped symmetric electron-only 
devices under various applied voltages. a-c) Electron densities for a 100 nm, 1 µm and 10 µm device when 𝑁' is 
varied from 1013-1019 cm-3. Hollow circles are the numerical values and solid lines are calculated using eq. 14 for V = 
0 V. d-i) Calculated electron densities for doped 100 nm, 1 µm and 10 µm single-carrier devices at applied voltages 
in the range of 0 to 100 V, with circles being the numerical calculations and solid lines the analytical calculations with 
eq. 14. 
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When doping in the form of positively charged donors, 𝑁0, is uniformly distributed throughout the 
semiconductor (as described in section II), the free electron density increases. Ignoring the intrinsic charge 
carriers, and assuming that each added donor is thermalized and gives rise to a free electron, 𝑁0 = 𝑛0, the 
density of free electrons at V = 0 V is given by 𝑛(𝑥) = 𝑛"(𝑥) + 𝑛0(𝑥). Since 𝑛"(𝑥) is very large at the 
semiconductor-metal interfaces, the background charge-carrier density will be a main contributor to the 
charge-carrier density even when 𝑛0 is large and the semiconductor is doped close to degeneracy. Both 𝑛" 
and 𝑛0 must therefore be taken into account when modelling the current density. 
Numerically calculated electron densities from electron-only devices of various thicknesses, 𝐿 = 
100 nm-10 µm, both undoped and doped, 𝑁0 = 1013–1019 cm-3, are shown in Fig. 4a-c. As doping is added 
to the 100 nm thick semiconductor, the electron density increases in the bulk of the device with the electron 
density at the boundaries still dominated by the background charge-carrier density (see Fig. 4a). Since 𝑛" 
is very large across the entire depth of the semiconductor when the device is relatively thin, a significant 
doping density must be incorporated before 𝑛	increases above the background density as the electron 
density will be entirely masked by 𝑛". For the modelled 100 nm device, a doping density of >1016 cm-3 
must be added before 𝑛 increases by a significant amount above 𝑛". For the thicker devices, a lower doping 
density can be detected due to the decrease in  𝑛" (see Fig. 4b,c). 
We can now write a full description of the electron density for a doped device as a sum 𝑛"(𝑥),  𝑛@A(𝑥, 𝑉) and 𝑛0(𝑥), 𝑛(𝑥, 𝑉) = #>#?$?%$!%&#+# Kcos# M>4+ − >#NO;= + <B ?$?%& *+"/# 𝑥;=/# + 𝑛0(𝑥).  (14) 
Figure 4a-c shows that an excellent agreement between the numerical calculations and eq. 14 evaluated at 
V = 0 V is found, regardless of the thickness and donor density. It can be seen that it is particularly important 
to account for both 𝑛" and 𝑛0 when the device is either thin or when the doping density is relatively low, 
as there is a significant amount of charge carriers at the interfaces that must be accounted for. For a thin 
device this is even true as the doping density tends towards degeneracy (𝑁0 → 𝑁9). It should also be noted 
that while certain curves are labelled as undoped in Fig. 4a-c, eq. 14 will still give a good description for 
the electron density as the first term in eq. 14 will outweigh the third term for low values of 𝑛0(𝑥). As 
shown in Fig. 4d-i, as a voltage is applied across a doped device, eq. 14 is also a good description, regardless 
of the magnitude of the thickness or the doping density.  
Similarly to what was calculated for the undoped devices, 𝜓(𝑥, 𝑉) for the doped device as a 
function of voltage can be calculated by, 
𝜓(𝑥, 𝑉) = −𝑘,𝑇ln \#>#?$?%$!%&#+#E' Kcos# M>4+ − >#NO;= + <B ?$?%&E' *+"/# 𝑥;=/# + 2.(4)E' ]. (15) 
With eq. 14 and 15, we now have excellent descriptions of the electron density and conduction-band edge 
of both undoped and doped electron-only devices. 
 
E. Full J-V descriptions of doped single-carrier device 
Given the accurate description of the charge-carrier density, we are now capable of deriving a full 
description of the current density for a doped single-carrier device. Similar to how eq. 13 was calculated, 
we can now take the harmonic mean of eq. 14 to obtain an expression for the total drift current, 
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〈𝑛〉 = B>#?$?%$!%&#+# + .?$?%*/&+# + 𝑛0.  (16) 
A comparison between the numerically calculated 〈𝑛〉 and eq. 16 for a 100 nm, 1 µm and 10 µm devices, 
evaluated at 0 V, is shown in Fig. 5. Excellent agreement is found for all three cases, namely i) when doping 
is not affecting the total electron density, ii) in the intermediate regime where doping mainly affects the 
middle of the device while the interfaces are affected by the background charge-carrier density, and iii) in 
the high doping limit. 
Figure 5 – Numerically and analytically (eq. 16) calculated values for 〈𝑛〉, for three electron-only devices with 
semiconductor thicknesses of 100 nm (red), 1 𝜇m (orange) and 10 𝜇m (yellow), as a function of 𝑁(. The values for 〈𝑛〉 = 𝑁( and 〈𝑛〉 = 〈𝑛)〉 are shown as dashed lines. 
Numerically calculated J-V curves of a 100 nm device with an increased density of doping, along 
with the corresponding slope-voltage (m-V) curves, 𝑚 = 𝑑 log 𝐽 𝑑 log𝑉⁄ , are shown in Fig. 6a. When 
superimposing the numerical J-V curves with curves calculated by taking the sum of the Mott-Gurney law 
(eq. 2) and Ohm’s law (eq. 3), a poor fit is obtained in the low voltage regime for low values of 𝑁0. This 
poor fit is due to the omission of 𝑛", which is evident from the fact that when 𝑛0 increases, the fit gradually 
improves since 𝑛" can now be ignored. While taking the sum of the Mott-Gurney law and Ohm’s law gives 
a poor fit for low values of 𝑛0, this sum is a good approximation in the high doping limit. 
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Figure 6 – Numerically calculated J-V curves of 100 nm thick single-carrier devices where 𝑁( is varied from 1016 to 
1019 cm-3. a) The solid lines are calculated by taking the sum of the Mott-Gurney law (eq. 2) and Ohm’s law (eq. 3). 
b) The solid lines are calculated with eq. 17. The corresponding m-V curves are shown as insets. 
Similar to how the full J-V characteristics of an undoped single-carrier device can be modelled 
using a sum of eq. 1 and the Mott-Gurney law, a full description of the J-V relationship of a doped device 
can now be derived by insertion of eq. 16 into 𝐽 = 𝑞𝜇'〈𝑛〉 𝑉 𝐿⁄ , 𝐽 = 𝑞𝜇' cB>#?$?%$!%&#+# + 𝑛0d *+ + ./ 𝜇'𝜀(𝜀) *#+" . (17) 
As shown in Fig. 6b, eq. 17 describes both the low voltage regime and the Mott-Gurney regime regardless 
of whether the semiconductor is undoped, lightly doped or doped close to degeneracy. In fact, an excellent 
agreement is found both for the overall magnitude and slope of the J-V curve, as seen from the inset in Fig. 
6b. Equation 17 yields the sum of eq. 1 and the Mott-Gurney law when 𝑛0 = 0, and is therefore a more 
general description of the J-V characteristics of a single-carrier device. It should be noted that when the 
intrinsic charge-carrier density contributes to the current, 𝑛! can simply be added to eq. 15 (𝑛 = 𝑛" + 𝑛0 +𝑛!). Since such an excellent agreement is found between eq. 17 and the numerically calculated J-V curves 
regardless of the value of 𝑁0, eq. 17 can be used to fit SCLC data to obtain information about 𝜇' and the 
doping density simultaneously. 
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F. Transition from undoped to doped conduction 
Since the charge-carrier density at the metal-insulator boundaries will always be dominated by 𝑛", and the 
electron density increases towards the middle of the device when you add donors, a requirement for the 
magnitude of the doping density, that must be added before it affects the device, can be defined. From eq. 
14 evaluated at V = 0 V, we can define a condition for how large 𝑁0 (and hence 𝑛0) would have to be 
before affecting the overall electron density and hence the J-V curves. This can be written as, 𝑁0 > 〈𝑛"〉, (18) 
As the thickness of the semiconductor increases, a lower density of doping can be detected in the J-V curves, 
meaning that the thicker the single-carrier device is, the more sensitive to doping it will be. When measuring 
lightly doped semiconductors with SCLC, one should therefore always aim at measuring relatively thick 
devices following the condition described by eq. 18. 
Finally, an additional tool can be derived by considering the cross-over voltage between the linear 
regime and the Mott-Gurney regime, 𝑉H = <#>#. $!%& + /. &2.+#?$?% .  (19) 
In the absence of doping, 𝑉H will take a value of ~0.9 V at 300 K; however, in the case where 𝑁0 > 〈𝑛"〉, 
a shift in 𝑉H will be observed according to eq. 19. Equations 17 and 19 can therefore be used in combination 
as reliable tools to characterize doping from SCLC data and to obtain meaningful values for the charge-
transport characteristics. 
IV. CONCLUSIONS 
We have here shown that while it is sufficient to take the sum of Ohm’s law (eq. 3) and the Mott-Gurney 
law (eq. 2) when describing J-V curves obtained from a single-carrier device containing a highly doped 
semiconductor, this is not sufficient when describing a device in which the semiconductor is lightly doped. 
To that end, we have derived a series of analytical expressions that can describe the charge-carrier density 
(eq. 14) and conduction-band edge (eq. 15), and hence the current density of a single-carrier device (eq. 
17), regardless of whether the semiconductor is undoped, lightly doped or heavily doped. We have given a 
condition for how doped the semiconductor must be before the J-V curves are significantly affected by 
doping (eq. 18), and we have shown that to model J-V curves obtained from a lightly doped semiconductor 
with accuracy, both the background charge-carrier density and the doping density must both be taken into 
account. The analytical expressions presented herein can be fitted to SCLC data to yield information about 
charge-carrier mobility and the doping density simultaneously. 
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APPENDIX 
In this appendix we describe how the contributions of drift and diffusion to the total current density is 
implemented into the drift-diffusion model. To accurately describe the current density within the simulated 
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devices, the drift-diffusion equations are discretized using the Scharfetter-Gummel method.44 This is 
necessary as the charge-carrier density varies as an exponential function with potential between mesh points 𝑖 + 1 and 𝑖. Once the equations are discretized using this method, the drift and diffusion terms are bundled 
together as the difference between multiples of a Bernoulli function and the charge-carrier density, 𝐽IJ=/# = K/0(/#1L g𝐵U−𝜉IJ=/#Y𝑛IJ= − 𝐵U𝜉IJ=/#Y𝑛Ij  (A1) 
where 𝐷IJ=/# is the diffusion coefficient averaged between mesh point 𝑖 + 1 and 𝑖, 𝑑𝑦 is the distance 
between mesh points 𝑖 + 1 and 𝑖, 𝐵 is the Bernoulli function, 𝑛IJ= and 𝑛I are the charge-carrier densities 
at the calculation nodes, and 𝜉IJ=/# represents the current driving terms which are not due to diffusion. In 
the case where there are no thermal gradients driving the charge-carriers, and the effective mass of those 
charge carriers does not change as a function of position, 𝜉IJ=/#, may be expressed by, 𝜉IJ=/# = 3 M/0(;M/N/0(∓N/  (A2) 
where 𝐸 are the conduction band energies in electron volts and 𝑤 are the kinetic energies of the electron 
gas at each mesh point. One may view , 𝜉IJ=/# as equivalent to the drift term in the standard drift diffusion 
equations. 
Separating the drift and diffusion terms from a model discretized in this way is not straight forward 
as the drift and diffusion terms have been bundled together in A1. Reapplying the drift-diffusion equations, 𝐽'(𝑥) = 𝑞𝑛(𝑥)𝜇'𝐹(𝑥) + 𝑞𝐷' 12(4)14  (A3) 𝐽-(𝑥) = 𝑞𝑝(𝑥)𝜇-𝐹(𝑥) − 𝑞𝐷- 16(4)14  (A4) 
to the charge-carrier density/potential profiles to extract the individual drift and diffusion terms will result 
in significant errors at the points where the carrier density changes quickly as a function of position (i.e. 
near the contacts). This is because, with the forms of A3 and A4, one is forced to assume a linear variation 
of the charge-carrier densities between mesh points. Therefore, to accurately extract the drift-diffusion 
terms from the potential/carrier density profiles, after solving the electrical equations self consistently using 
a coupled Netwon’s method, we evaluate A1 across the mesh, then re-evaluate it with all the 𝜉 terms forced 
to zero to give the diffusion term. The drift term is then obtained by subtracting the diffusion terms from 
A1. 
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